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The effects of azelaic acid (C9 -dicarboxylic acid, AZA) on 
the proliferation and ultrastructure of neonatal NMRI mouse 
keratinocyte cultures were studied to clarify the mechanisms 
of AZA action on normal and diseased epidermis. The dose-
and time-dependency of the drug effects on DNA synthesis 
was examined by 3H-thymidine incorporation into DNA and 
by autoradiography. Electron microscopy was used to detect 
the target cell organelles of the drug. Azelaic acid decreased 
DNA synthesis in a dose- and time-dependent manner with a 
50% inhibitory concentration of 20 mM. The inhibition of 
DNA synthesis was already observed after 1 h of treatment, 
reached its maximum after 4 h, and was stable for 24 h. A 
complete reversibility of the inhibitory effects was observed 
within 2 h after discontinuation of the treatment, and, inter-
A zelaic acid (1,7-heptanedicarboxylic acid, AZA) is a saturated, straight-chained C9 -dicarboxylic acid that has been reported to be effective in the treatment of acne vulgaris [1,2] and of lentigo maligna [3,4] . In vitro, AZA exerts anti proliferative effects on sev-
eral cell lines derived from malignant melanomas [5 - 9], lym-
phomas and leukemias [10], but not affectin~ fibroblasts [9] or mela-
nocytes derived from normal human skin [11] . Its mode of action 
has not yet been completely clarified. Evidence has been presented, 
however, that AZA inhibits several mitochondrial oxidoreductases 
[12] and tyrosinase [13], acting primarily on mitochondria [14,15]. 
Recent data accumulated by our group suggested that AZA also 
interferes with the keratinization of normal epidermal keratino-
cytes in vivo and in vitro. Daily topical application of 20% AZA 
cream on normal human skin for 3 mo resulted in alterations of the 
terminal phases of epidermal keratinization, as assessed by electron 
microscopy [16] and immunocytochemistry [17]. In vitro investiga-
tions using primary mouse keratinocyte cultures showed that AZA 
modifies protein synthesis, particularly the synthesis of keratohya-
lin-associated macroaggregates and of noncross-linked proteins 
[18] . In addition, AZA induced inhibition of DNA synthesis in 
cultured mouse keratinocytes [19]. The evidence collected by these 
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estingly, a rebound effect occurred with a temporary increase 
of DNA synthesis. Furthermore, treatment with AZA re-
duced the RNA and protein synthesis of the cells. Electron 
microscopic evaluation of treated cultures showed early 
marked damage of the mitochondria, followed by dilation of 
the rough endoplasmic reticulum (RER). These alterations 
were completely reversible after discontinuation of the treat-
ment. Our findings show that AZA exerts a dose- and time-
dependent, reversible anti proliferative effect on keratino-
cytes, acting primarily on mitochondria and RER. The 
anti proliferative action of AZA could explain its beneficial 
effect in some skin disorders characterized by alteration of 
keratinocytic differentiation. ] Invest Dermatol 93:70-
74,1989 
morphologic and biochemical studies led to the suggestion of an 
antikeratinizing effect of AZA in vivo and in vitro, whereas its mode 
of action remained unexplained. 
The aim of this work was to further characterize the mechanisms 
by which AZA exerts its action on keratinocytes by determination 
of the effects of AZA on the DNA synthesis, RNA synthesis, pro-
tein synthesis, and the ultrastructure of the cells. 
MATERIAL AND METHODS 
Epidermal Keratinocyte Cultures Primary keratinocyte cul-
tures were derived, according to a previously described technique 
[20], from neonatal NMRI mice (Bundesgesundheitsamt, Berlin, 
F.R.G.). Full-thickness skin, floated on Medium 199 (MI99) con-
taining 0.25% trypsin was incubated at 37°C. After 60 min, the 
trypsin solution was aspirated and M199 containing 10% fetal calf 
serum (FCS) was added. The epidermis was separated from the 
dermis, and keratinocytes were mechanically released into the me-
dium by gentle scraping. The isolated cells were layered on a dis-
continuous Ficoll gradient (12-20%) (Pharmacia, Uppsala, Swe-
den), and centrifuged (250 g, 30 min, 4°C). Keratinocytes collected 
from the bottom of the Ficoll gradient were washed with M 199 
containing 10% FCS and resuspended in complete growth medium 
(Medium 199 Earle, supplemented with 10% FCS, 100 U/ml peni-
cillin G, 100 Ilg/ml streptomycin, 2.5 Ilg/ml amphotericin B, and 
4 X 10-3 M glutamine). The viability (>90%) was assessed by try-
pan blue exclusion, and the cells were counted in a CC-VI-Blood 
Cell Counter (Becton Dickinson, Heidelberg, F.R.G.). The kerati-
nocytes were then plated on 16-mm plastic Lux Thermanox cover-
slips (Miles Lab., Naperville, CA) inside of 24-well tissue culture 
clusters (Costar, Cambridge, MA) (1 X 106 cells/well), and incu-
bated at 32°C in 100% humidity in an atmosphere of95% air, 5% 
CO2 , The growth medium was renewed every other day. All chem-
icals and media were purchased from Biochrom KG, Berlin, F.R.G. 
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Azelaic Acid Treatment Azelaic acid (Flub, Buchs, Switzer-
land) was added to the cultures as disodium salt at day 5 after plating 
according to the different protocols: 1) Concentration-dependency 
of AZA effects on DNA synthesis: AZA was added for 12 h at final 
concentrations of 1, 10, 20, 30, 40, and 50 mM; 2) Time-depen-
dency of AZA effects on DNA synthesis: AZA was added for 1, 2, 4, 
6,8, 12, and 24 h at final concentrations of 1, 10,20, and 50 mM; 3) 
Reversibility of AZA effects after treatment discontinuation: AZA 
was added for 2 h at a final concentration of20 rnM. Cultures were 
then washed and incubated with pure growth medium for 1, 2, 4, 8, 
12, and 24 h in the absence of AZA; 4) Time- and concentration-
dependent effects on the ultrastructure of keratinocytes: AZA was 
added for 1 and 6 h at final concentrations of 20 and 50 rnM. Some 
cultures were then grown in pure growth medium in the absence of 
AZA for 24 h. 
Controls Cultures grown in pure growth medium always served 
as controls. Two additional experiments were performed using 
adipic acid and sodium ch loride to control the impact of osmolar 
effects on the cultured cells. Adipic acid (Flub, Buchs, Switzerland) 
is a C6 -dicarboxylic acid with almost identical osmolarity to AZA 
when used in corresponding concentrations, as determined by 
cryoosmometric measurement. It was added to the cultures accord-
ing to the protocols of AZA treatment (see above). The osmolarity 
of freshly prepared solutions of AZA and adipic acid was measured 
using a semimicroosmometer type M (Knauer, Berlin, F.R.G.). So-
dium chloride was added in isoosmolar concentrations. 
Thymidine Incorporation For measurement of DNA synthesis, 
triplicate dishes were incubated for 60 min at 32·C with l,uCi/ml 
[3H]thymidine (50- 70 Ci/mM) (Amersham-Buchler, Braunsch-
weig, F.R.G.). The incorporation of [3H]thymidine was stopped by 
medium aspiration followed by two washes with cold phosphate-
buffered saline (PBS) and addition of cold 6% trichloroacetic acid 
(TCA). The cells were harvested with a rubber policeman and the 
TCA-soluble pool was extracted by repeated centrifugations at 
1000 g for 20 min.The extraction of DNA from the TCA-soluble 
pool was performed by incubation with 5% perchloric acid at 
100· C for 12 min, followed by cooling on ice, and centrifugation at 
1000 g for 20 min. Aliquots of the supernatant were diluted in 
Instant-Gel (Packard Instruments GmbH, Frankfurt, F.R.G.) and 
the radioactivity was determined as counts per minute (cpm) by 
liquid scintillation counting using a Packard Tri-Carb 460C (Pack-
ard Instruments). The total DNA content of the cultures was as-
sessed according to the method described by Burton [21]. All data 
are expressed in cpm/,ug DNA. 
Autoradiography Autoradiographic studies with (lH]thymidine 
were performed to further elucidate the effects of AZA on DNA 
synthesis. Triplicate cultures grown on plastic Lux Thermanox cov-
erslips were incubated for 1 h with 1 ,uCi/ml [3H]thymi~ine (50 -
70 Ci/rnM), washed twice with PBS and fixed for 20 mm Wlth a 
PBS-solution containing 5% formaldehyde and 0.5% TCA. After 
fixation, the coverslips were rinsed in water, air dried, and mounted 
on glass slides. Autoradiographs were prepared using Kodak NTB-2 
photo emulsion and were exposed for 14 d at 4·C in the dark. Af~er 
development and fixation, the specimens were counterstained With 
Mayer's hemalumen. The labeling index was defined as the percent-
age oflabeled nuclei per total number of nuclei. Nuclei with five or 
more silver grains located over the nucleus were counted as labeled; 
per each specimen, 1000 nuclei were counted. Unscheduled ~NA 
synthesis was determined by counting the mean number of Silver 
grains over nonlabeled nuclei in 500 nuclei of each specimen. 
Uridine Incorporation For measurement of ~A synt~esis, 
triplicate dishes were incubated for 4 h at 32°C With 5,uCi/ml 
3H-uridine (Amersham-Buchler). The cells were harvested as de-
scribed for thymidine incorporation. After extraction of the TCA-
soluble pool, cold 1M NaOH was added to the pellet, and the 
radioactivity was determined as described earlier. 
Protein Synthesis The protein synthesis was assessed by incuba-
tion of triplicate dishes with 5,uCi/ml 3H-Ieucine (Amersham-
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Buchler) . Two different time intervals were studied. Triplicate 
dishes were incubated with 3H-Ieucine for the first 4 h after addi-
tion of AZA. Other dishes were incubated from the 5th to the 8th h 
after addition of the drug. After extraction of the TCA-soluble pool 
the pellets were dissolved in 0.3M NaOH/l % sodium lauryl sulfate 
for 30 min at room temperature. Aliquots were assessed for radioac-
tivity as described earlier. 
Electron Microscopy For transmission electron microscopy, 
cultures grown on plastic coverslips were fixed for 30 min at 4· C in 
a solution of2.5% glutaraldehyde in 0.1M cacodylate - HCI buffer, 
pH 7.4. The postfixation was performed for 30 min at 4·C in a 
solution ofl % OsO. and 1.5% potassium ferrocyanide [22] in 0.1M 
cacodylate - HCI buffer. After a 30-min block staining with 0.5% 
uranyl acetate in barbital - acetate buffer (pH 6.1), the specimens 
were dehydrated with increasing concentrations of ethanol. fol-
lowed by permeation with propylene oxide and a propylene oxide-
Epon (1 : 1) mixture. The coverslips were cut into two halves and 
eac~ half was stuck to a flat embedding mold containing nonpoly-
menzed Epon. Thus, the cultures were embedded in Epon, whereas 
the coverslips remained at the block surface after polymerization. 
After removal of the coverslips, the blocks were cut using a Reichert 
ultramicrotome. Thin sections were contrasted with lead citrate 
and uranyl acetate and examined in a Zeiss 10CR electron micro-
scope. 
RESULTS 
Concentration-Dependency of Azelaic Acid Effects on DNA 
Synthesis Keratinocyte cultures treated with AZA for 12 h 
showed a dose-dependent inhibition of 3H-thymidine incorpora-
tion into DNA (Fig lA). Fifty percent inhibition was achieved with 
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Figure 1. Treatment with AZA (0) and adipic acid (to) for 12 h. A : Incor-
poration oPH-thymidine into DNA. B: Labeling indices. All values in % of 
control. Mean ± SE of triplicate cultures. 
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Figure 2. Treatment with AZA for 1 to 24 h. 3H-thymidine incorporation 
into DNA. 1 mM,O; 10 mM, 0; 20 mM,~; 50 mM, 0. All values in % of 
control. Mean ± SE of triplicate cultures. 
20 mM AZA, whereas 50 mM AZA lead to a 90% inhibition. Con-
centrations of 1 and 10 mM did not affect DNA synthesis. No 
inhibitory effect on 3H-thymidine incorporation was seen with 
adipic acid in concentrations ranging from 1 to 30 mM; however, 
40 and 50 mM adipic acid lead to an appreciable reduction. Autora-
diographic determination of labeling indices confirmed these re-
sults (Fig 1B). Azelaic acid lead to a marked reduction of the number 
of DNA synthesizing cells in concentrations of20 to 50 mM. Simi-
lar but less pronounced effects were observed after treatment with 
40 and 50 mM adipic acid. No effects on labeling indices were 
found in cultures treated with 1 and 10 mM AZA, or with 1 to 
30 mM adipic acid, when compared with control cultures or cul-
tures treated with sodium chloride in isoosmolar concentrations. 
Time-Dependency of Azelaic Acid Effects on DNA Synthe-
sis After 1 h incubation with 20 mM AZA, a 30% reduction of 
thymidine incorporation was observed compared with control cul-
tures, whereas 50 mM AZA induced a 50% decrease (Fig 2). The 
maximum inhibitory effect was achieved after 4 h with both 20 and 
50 mM AZA; again the inhibition was stronger with 50 mM AZA. 
Incubation longer than 4 h did not result in a more pronounced 
inhibitory effect. No reduction of DNA synthesis could be observed 
with 1 and 10 mM AZA, even after treatment for 24 h. 
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Figure J. 3H-thymidine incorporation (~) and labeling indices (0) after 
discontinuation of a 2-h treatment with 20 mM AZA (t). All values in % of 
control. Mean ± SE of triplicate cultures. 
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Figure 4. A : 3H-uridine incorporation during the first 4 h of AZA treat-
ment. B: 3H-leucine incorporation during the 1-4 hand 5-8 h of AZA 
treatment. All values in % of control. Mean ± SE of triplicate cultures. SE 
was always < 15%. 
Reversibility of Azelaic Acid Effects After Treatment Dis-
continuation (Fig 3) Addition of20 mMAZA for 2 h resulted in 
50% inhibition of 3H-thymidine incorporation. Two h after dis-
continuing AZA treatment, the cells recovered their activity, with 
DNA synthesis reaching the values observed in control cultures 
grown in pure growth medium. Thereafter, a rebound effect was 
observed with a progressive increase in 3H-thymidine incorporation 
and labeling indices, most pronounced between 4 and 8 h after the 
discontinuation of AZA treatment and only slightly evident after 
24 h. A careful comparison of AZA-treated and control cultures 
concerning the mean number of autoradiographic grains per nonla-
beled nucleus clearly showed that the increased 3H-thymidine in-
corporation was not due to nonspecific binding or induction of 
DNA repair. 
RNA Synthesis (Fig 4A) During the first 4 h of treatment with 
AZA in high concentrations, the RNA synthesis was markedly re-
duced. Treatment with 50 mM AZA led to a 41 % reduction of 
RNA synthesis, whereas treatment with 20 mM only slightly in-
fluenced the incorporation of 3H-uridine. 
Protein Synthesis (Fig 4B) During the first 4 h of AZA treat-
ment, a 38.4% reduction of 3H-leucin incorporation was observed 
with 50 mM. During the interval from the 5th to the 8th h of 
treatment, reduction of the protein synthesis was observed also with 
20 mM AZA (22.6%). The absolute amount of cellular protein was 
unchanged during the first 8 h of treatment. 
Electron Microscopy 
Control Cultures After 6 d, all cultures were composed of multi-
layers of keratinocytes showing distinct degrees of cell differentia-
tion. Depending on the area of the culture observed, 7 to 12 layers 
could be seen. Desmosomes occurred frequently, connecting the 
cultured cells, and increasing in number from the basal to the upper 
layers. 
The basal cells were thicker than those of the upper layers, con-
tained large nuclei, and were rich in cell organelles. Mitochondria, 
Golgi complexes, free ribosomes, and profiles of rough endoplasmic 
reticulum (RER) were abundant (Fig SA). The intercellular spaces 
between basal and upper cells were enlarged and irregular, and 
several profiles of microvilli could be seen. 
The cells of intermediate layers were flattened, containing abun-
dant bundles of tonofiJaments (8 nm in diameter), particularly 
prominent in the more superficial cells. Other cell organelles were 
also abundant, but mitochondria and free ribosomes seemed to be 
less frequent than in basal cells. 
The uppermost strata were composed of cells exhibiting an elec-
tron dense 12 nm noncontinuous layer in the inner part of the 
plasma membrane, representing early stages of formation of the 
cornified envelope. 
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Figure 5. Electron micrographs of the effects of azelaic acid on mouse keratinocyte cultures. A : Control culture: Multilayered culture with well preserved cell 
organelles (X34,OOO). B: 20 roM AZA, 1 h treatment: Swollen mitochondria with partial loss of cristae (X47,500). C: 20 roM AZA, 6 h treatment: Increased 
mitochondrial damage (X24,150). D: 50 roM AZA, 1 h treatment: Swollen mitochondria with loss of matrix and cristae. Marked dilation of RER profiles 
(X34,830). E: 50 mM AZA, 6 h treatment: Intense mitochondrial damage and enlargement ofRER profiles (X50,OOO). F: Twenty-four h after discontinua-
tion of AZA treatment: No detectable mitochondrial or RER damage (X34,OOO). 
Keratohyalin granules could not be found in these cultures. 
Treated Cultures The topographic arrangement and the general cell 
features were not altered after AZA treatment. After 1 h treatment 
with 20 roM AZA, however, most of the keratinocytes showed 
swollen mitochondria with partial loss of their cristae, whereas the 
organelle envelope was well preserved (Fig SB). After 6 h, increased 
mitochondrial damage and slight enlargement of some profiles of 
the RER were observed (Fig SC). Treatment with 50 roM AZA 
resulted in more pronounced alterations. After 1 h. significant mi-
tochondrial enlargement with loss of matrix and cristae. and dila-
tion of most RER profiles were found (Fig SD). After 6 h. extensive 
mitochondrial damage and increased dilation ofRER were observed 
(Fig SE). 
Discontinuation of Treatment Twenty-four h after discontinuing the 
treatment. the cultured keratinocytes had recovered their normal 
structure. presenting no detectable mitochondrial or RER damage 
(Fig SF). 
DISCUSSION 
Our results. using a well-established in vitro model to study the 
epidermal differentiation [23], clearly show that AZA acts as an 
e~e.ctive anti proliferative drug in keratinocytes. In fact. AZA in-
hibits the DNA synthesis in a concentration-dependent manner. 
Similar findings have been reported for melanoma cells [5.9] and for 
lymphoma and leukemia-derived cell lines [10]. The drug. how-
ever, does not exert a definitive cytotoxic effect on cultured kerati-
nocytes. Evaluating the time-dependency of the antiproliferative 
effec.ts. we observed an early onset of the AZA effects. reaching a 
maximum after 4 h; prolonged treatment did not result in more 
pro.nounced i~hibit!on: Interesting!y. the effects of the drug were 
rapidly reversible wlthm 2 h after discontinuation of the treatment. 
These results suggest a cytostatic mode of action of AZA. The 
increased 3H-thymidine incorporation observed after discontinua-
ti?n of treatment was not due to induction of DNA repair mecha-
rusms. In fact. no increase in unscheduled DNA synthesis could be 
observed by autoradiography. This speaks in favor of a rebound 
phenomenon with temporary augmentation of the semiconserva-
rive DNA synthesis. 
In addition to the described effects of AZA on the DNA synthesis 
of keratinocytes in vitro. we could also show that AZA exerts inhib-
itory effects .on the RNA synthesis and the protein synthesis of the 
c~lls. Th~ time course of the observed inhibitory effect favors a 
direct action of AZA on the nucleus. leading to a reduction of DNA 
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synthesis and RNA synthesis, followed by a reduction of the cellular 
protein synthesis. 
The electron microscopic studies performed to further elucidate 
the mode of action of AZA showed that concentrations of 20 and 
50 mM of the drug lead to marked damage of mitochondria and to 
enlargement of RER. Similar results have been reported for mouse 
melanoma cells in vitro [7]. In mouse keratinocytes, both effects are 
dose- and time-dependent, but the alteration of mitochondrial ul-
trastructure is the earliest and most marked event of the drug action. 
These changes are not related to nonspecific osmotic effects as adip-
ic acid in isoosmolar concentrations did not induce any of these 
alterations. OUI results thus support the concept that AZA targets 
the mitochondria, probably the mitochondrial enzymes, leading to 
altered cell ular differentiation. 
The reversibility of the ultrastructural damages after withdrawal 
of the drug further supports its cytostatic properties. As previously 
shown by us, however, the AZA-induced effects on cultured kerati-
nocytes are also observed after treatment with other dicarboxylic 
acids [18,19,24]. The intensity of these effects is positively corre-
lated with the chain length of these acids [19]. 
In the pathogenesis of acne, several factors are involved, includ-
ing changes in sehum excretion, alteration of keratinization in the 
follicular channel, colonization by microorganisms and inflamma-
tion. Azelaic acid has been shown to exert beneficial effects in the 
treatment of acne lesions [1,2] , but the mechanisms of action of the 
drug are still unclear. It has been reported that AZA possesses anti-
microbial properties [25] and modulates the sebum excretion [26]. 
The results of our group showed that AZA did not reduce the sebum 
excretion [27] or the size of the sebaceous glands [28] when applied 
topically to humans. Instead, we could demonstrate that AZA mod-
ulates the differentiation of human epidermis in vivo [16,17] . The 
data presented here indicate an anti proliferative effect of AZA as a 
possible mode of action on epidermal differentiation. Additional 
results obtained by us in cultured human keratinocytes support this 
concept [29J. 
In conclusion, AZA exerts pronounced dose- and time-depen-
dent, reversible antiproliferative effects on cultured mouse kerati-
nocytes, acting primarily on mitochondria and RER, thus modulat-
ing the keratinocyte differentiation. 
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